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Amorphous metallic foams are prospective materials due to unique combination of their mechan-
ical and energy-absorption properties. In the present work, atomistic dynamics simulations are
performed under isobaric conditions with the pressure p = 1.0 atm in order to study how cooling
with extremely high rates (5 × 1013–5 × 1014 K/s) affects the formation of pores in amorphous
titanium nickelide. For equilibrium liquid phase, vaporization temperature Tb and the equation of
states in the form of ρ(T ) are determined. It is found that the porosity of this amorphous solid does
not depend on cooling at such high rates, whereas the pore morphology depends on the magnitude
of the cooling rate. The obtained results will be in demand in study of mechanical properties of
amorphous metallic foams with a nanoporous structure.
I. INTRODUCTION
Nickel-titanium (NiTi) shape-memory alloy is a widely
used functional material for many applications due to its
unique mechanical properties, excellent corrosion resis-
tance, and biocompatibility. The phase transformations
in NiTi, in particular, austenite-martensite conversions,
are well studied [1–3]. One of the significant achieve-
ments is the synthesis of NiTi-based amorphous metallic
foams (AMFs) with micron- or nano-sized pores, with
low density in combination with high strength, high sur-
face area, and open porosity [4]. The main applica-
tion of AMFs with micron-sized pores is related with
production of bone implants [5–7], whereas AMFs with
nanoporous structure are demanded, for example, in pro-
duction of energy-storage elements [8, 9]. Moreover,
AMFs are widely used as functional materials, where
the pores morphology (closed-cell or open-cell) plays a
crucial role [10, 11]. The porous structure may consist
of interconnected and/or spatially separated cells, and
the presence of such the cells determines the mechanical
properties of AMF and, eventually, the fields of its appli-
cation. Thus, it is important to develop the methods for
producing AMFs with a required degree of porosity and
necessary features of pore morphology.
NiTi alloy has the high melting temperature Tm =
1583 K. The production of NiTi AMF is carried out
mainly using the powder-metallurgy methods [12–14].
Another method of AMF production is generating the
bubble-like cells in the melt at a temperature above the
melting (liquidus) temperature with subsequent vitrifica-
tion of this melt [11–15]. Upon rapid solidification of the
melt, these bubbles form a porous structure of the amor-
phous material. At relatively low applied cooling rates,
this method allows to obtain AMF with a low degree of
porosity. In the present work, based on atomistic dy-
namics simulations we show that the morphology of the
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pores in NiTi-based AMF can be controlled by means of
applied cooling rates.
II. ATOMISTIC DYNAMICS SIMULATIONS OF
AMORPHOUS NITI WITH NANOPOROUS
STRUCTURE
We perform atomistic dynamics simulations of
Ni50Ti50 alloy. The interaction energy between atoms
is defined through the modified embedded-atom method
(MEAM) interatomic potential. This MEAM potential
was proposed by Ko et al. for NiTi-based alloys [16, 17].
Figure 1. Equation of state, ρ(T ) of equilibrium melt Ni50Ti50
evaluated from atomistic dynamics simulations. Inset: frag-
ment of the B2 crystal structure for Ni50Ti50 with 6859 atoms.
The simulation cell with applied periodic boundary con-
ditions in all the directions contains 109744 atoms (54872
atoms of Ni and the same number of Ti atoms). Tem-
perature and pressure are controlled by the NoseHoover
thermostat and barostat with the damping parameters
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2Figure 2. Obtained at various cooling rates, (ac) 3D snapshots of amorphous NiTi with porous structure at the temperature
300 K, where the dark and light spheres are Ni and Ti atoms, respectively; (df) 3D maps of the inner surface of the pores.
QT = 100∆t and QP = 5000∆t, respectively, where the
time step is ∆t = 1 fs.
Initially, the simulated system was prepared so that
to correspond to the cubic B2 crystalline phase at the
temperature T = 0 K. Then, this crystalline system was
rapidly heated and equilibrated at the (p, T ) states with
the pressure p = 1 atm and with various temperatures
T from the range of 300–9500 K. At each considered (p,
T ) state, the system was brought to equilibrium over the
time interval of 1 ns. The mass density of Ni50Ti50, eval-
uated from simulation data, is given in Fig. 1 as function
of temperature.
As seen from Fig. 1, at temperatures above 8000 K the
density of the system decreases rapidly, and at the tem-
perature Tb ≈ 8750 K the “liquidvapor” phase transition
is observed. Since we are aiming to generate a porous
amorphous solid, we need to start the cooling procedure
of a melt with the lowest density. As has been found,
the equilibrium liquid sample Ni50Ti50 with the temper-
ature T = 8500 K and the density ρ = 3.44 g/cm3 is the
most suitable for our purpose. This sample was cooled
independently with three various cooling rates. Namely,
applying to the sample a rapid isobaric cooling with the
cooling rates 5×1013, 1014, and 5×1014 K/s to the states
with the temperature T = 300 K, we obtained the three
samples of the porous amorphous Ni50Ti50 alloy. It is im-
portant to note that ultrafast cooling with such very high
cooling rates was recently carried out experimentally for
nanometersized samples [18].
III. EFFECT OF COOLING RATE ON
POROSITY AND PORES MORPHOLOGY
Remarkable feature of vitrification by ultrafast cooling
is that such cooling does not provide enough time for
the system to form a dense homogeneous structure due
to slow and uneven thermal compression [19, 20]. As
a result, during a rapid isobaric cooling, pores form in
the system. Fig. 2 shows the snapshots of amorphous
Ni50Ti50 alloy with a nanoporous structure obtained by
cooling the melt at three different rates.
Note that the supercooling level of the system at the
considered temperature T = 300 K is (TmT )/Tm ≈ 0.8,
and a porous amorphous phase is stable at such deep
supercooling levels (see Figs. 2a–2c).
The coefficient of porosity of the system is estimated
using the well-known relation [21]
φ =
(
1− ρ
ρ0
)
× 100%, (1)
where ρ is the mass density of porous amorphous
Ni50Ti50 alloy, and ρ0 = 6.24 g/cm
3 is the mass density
of bulk amorphous Ni50Ti50 without pores at the tem-
perature T = 300 K. The parameter φ can take values
from 0 to 100%, with φ = 0% corresponding to a sample
without pores and φ = 100% corresponding to the case
of vacuum (the pore size equals the system size). We
have found that the mass density of the Ni50Ti50 melt
increases from ρ = 3.44 g/cm3 to ρ = (4.3± 0.15) g/cm3
during the applied quench procedure from the state with
3the temperature 8500 K to the solid state with the tem-
perature 300 K. It is also found that the generated porous
amorphous alloy has the porosity ρ = (31 ± 3)%, and
the value of the coefficient φ is independent on cooling
with such high rates. Note that materials with such a
level of porosity are widely used in production of mem-
branes and electrodes for Li-based batteries with high-
energy density, where the cell structures with meso- and
micro-porosity allow to achieve optimal electrochemical
characteristics of the materials [22–24].
For analysis of pore morphology, we have constructed
the maps of the inner surface of the pores for all the
three samples shown in Figs. 2a–2c. These maps are
presented in Figs. 2d–2f. As seen from Figs. 2d–2f, the
porous structure of the amorphous alloy appears due to
the empty cells of spherical shape uniformly distributed
throughout the system. Linear sizes of these cells range
from 1 to 10 nm. It is important to note that there is cor-
relation between the cell concentration and the cooling
rate taken in the cooling protocol to generate the porous
amorphous alloy. Namely, at vitrification with the cool-
ing rates greater than 1014 K/s, the amorphous sample
is generated, in which the pores coalesce and form hol-
low ramified tunnels permeating the whole system (see
Figs. 2e and 2f). At cooling rates less than 1014 K/s, the
lower concentration of pores in the amorphous sample is
observed, where the pores are mainly isolated. This is
clearly seen in Fig. 2d, where the geometry of the pores
is shown for the case of the porous amorphous alloy gen-
erated by cooling at the rate of 5× 1013 K/s.
IV. CONCLUSIONS
In the present work, we have shown that the porous
amorphous Ni50Ti50 alloy can be generated by ultrafast
cooling of a low-density melt. The main results of this
study can be summarized as follows:
(i) By means of isobaric atomistic dynamics simula-
tions (p = 1 atm) with the MEAM potential suggested
by Ko et al. [16], the equation of state of equilibrium
melt Ni50Ti50 ρ(T ) is determined, for the temperature
range of 300–9500 K.
(ii) Amorphous Ni50Ti50 alloy with nanoporous struc-
ture can be generated by means of ultrafast isobaric cool-
ing, and the generated amorphous samples are character-
ized by the coefficient of porosity φ = (31± 3)%.
(iii) It is shown that the morphology of the pores de-
pends on magnitude of the cooling rate, by means of
which the amorphous alloy was generated.
(iv) It is found that the amorphous material with
isolated pores and the material with percolated porous
structures can be generated due to isobaric ultrafast cool-
ing with various cooling rates.
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